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SUMMARY 
The ability of the ROT22 code to predict accurately the transonic flow field in 
the crucial region around and beyond the tip of a high-speed rotor blade was 
assessed. 
ments made at zero advance ratio and tip Mach numbers of 0.85, 0.88, 0.90, and 
0.95. 
three orthogonal velocity components covering a volume having a height of over one 
blade chord, a width of nearly two chords, and a length ranging from about 1 to 
1.6 chords, depending on the tip speeds. 
and me&sured velocities established the ability of the code to predict the off-blade 
flow field at high tip speeds. 
pressures were shown to be well-predicted on two different tips at advance ratios to 
0.45, especially at the critical 90" azimuth blade position. 
strate that the ROT22 code can be used with confidence to predict the important tip 
causing high drag and noise. 
The computations were compared with extensive laser velocimetry measure- 
The comparison between theory and experiment was made using 300 scans for the 
The good agreement between the calculated 
This supplements previous comparisons where surface 
These results demon- 
,region flow field including the occurrence, strength, and location of shock waves 
INTRODUCTION 
The emphasis on increasing helicopter flight speed has resulted in higher rotor 
tip Mach numbers. It is essential that these desired performance improvements be 
achieved with reasonable power requirements and without substantial increases in 
noise. Since the formation of shock waves in the transonic flow on the advancing 
blade is the major source of the power requirement and of high-speed noise, the 
ability to predict this flow field accurately is essential to the design of tran- 
sonic rotors. 
r b  
Early high-speed rotor calculations were performed by Caradonna and Isom 
(refs. 1 and 2) using transonic small disturbance theory. Initially, only steady 
b 
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hovering flight was treated (ref. 1); this was later extended to the unsteady for- 
ward flight case (ref. 2). Subsequently, Grant (ref. 3) solved the small distur- 
bance equation more precisely, but assumed quasi-steady flow for a blade in nonlift- 
ing forward flight. 
Paralleling the development of fixed wing codes, it was also desirable to 
As a starting point, a widely used full potential fixed wing 
progress from using small disturbance theory to solving the full potential equation 
for rotary wings. 
code, FL022, developed by Jameson and Caughey (ref. 4) was used. FL022 solves the 
nonconservative, inviscid, full potential equation using exact surface tangency . 
boundary conditions. 
reformulating FL022 to calculate the flow about a lifting rotor blade in forward 
flight. Although the full potential equation is solved, the formulation is quasi- 
steady in that the time derivatives of the perturbation potentials were neglected in 
the interest of greatly speeding the computation. However, the ROT22 quasi-steady 
approximation becomes exact in the limit as the advance ratio approaches zero, 
corresponding to hovering flight. 
rrB 
The rotary wing ROT22 code (refs. 5 and 6)  was developed by 
The present study measured the transonic flow field nonintrusively in the 
neighborhood of the blade tip and compared the data with computations from the ROT22 
transonic rotor flow code. 
hovering rotor at tip Mach numbers up to 0.95 using a laser velocimeter. 
viously, computation/experiment comparisons of surface pressure distributions were 
made in the neighborhood of rotor tips at advance ratios of 0.4 and 0.45 and gave 
generally good agreement (ref. 8). 
The measurements were made (ref. 7) on a nonlifting, 
Pre- 
EXPERIMENT 
Precise definition of the velocity field surrounding the blade tip is required 
to calculate transonic noise (refs. 9, 10, and 1 1 ) .  Of the available instrumenta- 
tion techniques, nonintrusive laser velocimeter measurements provide the only rea- 
sonable method to acquire such flow field data and to check the ability of the ROT22 
code to predict the velocities off the blade surface. The details of the experiment 
are described in reference 7 and will be only summarized here. 
Test Conditions and Model Configuration 
The test was performed in the Ames/Army Aeromechanics Laboratory Hover/Anechoic 
facility (a large chamber about 10 m per side), with special ducting designed to 
minimize room circulation. The two-bladed rotor (ref. 12) located in the center of 
sisted of two cantilever-mounted, manually adjustable blades. 
untapered blades had NACA 0012 airfoil sections and an aspect ratio of twelve. 
rotor radius and chord were 104.5 cm (41.16 in.) and 7.62 cm (3.0 in.), 
respectively. 
J 
the room was mounted on a tall column containing the drive shaft. The rotor con- 4 
The untwisted and 
The 
2 
The induced velocities were measured at tip Mach numbers of 0.85, 0.88, 0.90, 
and 0.95 and in a volume one chord (7.62 cm) high and extending from the 95% blade 
radius location (5.23 cm inboard of the tip) to the sonic circle. The location of 
the unperturbed sonic circle (ref. 9 )  is given by 
1 s = -  
M~~~ 
1_  where S is measured in blade radii from the center of rotation and MTIp is the 
rotational tip Mach number. The distance of the sonic circle given by equation ( 1 )  
from the blade tip varied from 7.26 cm at a tip Mach number of 0.85 to 2.17 cm at a 
Mach number of 0.95. 
Most of the velocity measurements were made above the blade; however, a limited 
The blade was set at a positive collective pitch angle of 1.25" to convect the 
However, the effective angle of incidence in the tip region of the blade was 
number were a lso  measured below the blade to determine the extent of flow asymme- 
try. 
viscous wake slightly downward and to reduce the turbulence in the plane of rota- 
tion. 
estimated to be less than 0.5" .  
Measurement Technique 
The general arrangement of the laser velocimeter system used in the present 
study is shown in figure 1. 
the 4880 and 5145 %, lines of an argon-ion laser was specifically designed to measure 
all three components of induced perturbation velocity by measuring the flow at two 
different azimuthal positions. By viewing the blade normal to the tip as it swept 
by, one spectral line measured the induced chordwise velocity component while the 
other measured the induced vertical velocity component. Translation of both trans- 
mitting and receiving optics along the test chamber walls enabled a flow field view 
normal to the approaching or  retreating tip, thus determining the radial and verti- 
cal induced velocities. The effective sensing volume was approximately elliptic, 
0.2 mm in diameter and 3 mm long, with the axis aligned in the plane of the beams. 
Bragg cell frequency shifting, which is required for probing directionally intermit- 
tent flow fields, was incorporated in both spectral lines. These offsets also 
enabled the direct measurement of all three velocity components without recourse to 
245" beam orientations with respect to the vertical plane. 
This fringe mode forward scatter system which utilized 
Maximum optical system sensitivity is essential for meaningful measurements 
particularly in large facilities. 
tion is reduced, raising the possibility that only the velocities of larger par- 
ticles which may not follow the flow will be observed. 
on natural aerosols for the light scattering, it was found that the introduction of 
artificial aerosols of known size distribLtion greatly enhanced data acquisition 
rates, particularly in unsteady flows where conditional sampling had to be used. 
Such aerosols were generated with an ultrasonic nozzle mounted in the facility. 
size distribution of the aerosol with a count mean diameter of less than one micron 
In these applications solid angle light collec- 
Rather than relying entirely 
The 
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is shown in figure 2. 
of shock boundary-layer interactions and vortex flows at transonic and supersonic 
speeds (ref. 13). 
volume by the room air control fans. 
ing centers for detailed flow field measurements. 
These aerosols had been found adequate for turbulence studies 
The particles were drawn down through the laser velocimeter focal 
This produced a sufficient supply of scatter- 
Data Acquisition and Reduction 
The data acquisition and reduction system consisted primarily of three ele- 
. 
ments: signal processors, an event synchronizer, and a desk top computer. These r 
elements are shown schematically in figure 3 .  
employed to "freezeti the flow field as the rotor swept past the fixed probe 
volume. To achieve this, a once-per-revolution pulse was used to activate the laser 
velocimeter electronics each time the rotor approached the probe focal volume. 
Velocities were then recorded during rotor transit past the focal volume. After the 
preset time had elapsed, the electronics were inhibited until the next rotor 
passage. 
Conditional sampling techniques were 
A schematic of the two-component measurement procedure used in the present test 
is shown i n  figure 4. The internal clock of the event synchronizer (multiplexer), 
which was reset by an external pulse from the rotor drive mechanism, determined the 
position of the blade relative 50 the measurement volume. Whenever valid (essen- 
tially simultaneous) u and v signals were recieved, the velocity data along with 
the clock reading (which corresponded to the chordwise position of the measurement 
volumes) were recorded. From these readings, ensemble averages were generated for 
the selected chordwise increments along the blade. It must be borne in mind that 
the measurements were made by collecting data over many blade revolutions since the 
data rate was insufficient and too inconsistently distributed to obtain enough 
information at each chordwise location for each blade passage. For this re  
total number of readings was divided among many incremental blade positions 
chordwise "windows" would, therefore, be filled before otners. However, n e  
ings were accepted and replaced the oldest data until all chordwise locatio 
filled. This ensured that only the most current data were reduced. 
The data contained the information required to calculate the instanta 
velocities. From these determinations, the average velocities, RMS turbul 
levels and the cross correlations could all be calculated. Plots of these 
eters were displayed on-line as profiles were measured and hard copy was p 
required. A l l  the raw and reduced data were permanently stored on flexibl 
The orthogonal induced velocity components were measured in an inertial 
fixed) coordinate system. However, aerodynamic properties of moving bodies are 
normally calculated in body-fixed coordinates. Therefore, the measured velocity 
components were transformed into the blade-fixed coordinates of the ROT22 code by 
using the folloning expressions: 
4 
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.J 
u = v  + w r  m 
v = v  m 
w = w  - w x  m 
- Here u, v, and w are the chordwise, vertical, and radial velocity components, 
respectively. The subscript m refers to measured values, w is the blade rotation 
rate, r the blade radius from the center of rotation, and x the chordwise 
distance from the leading edge. 
The coordinates of the scans were measured with respect to the nonrotating 
blade. After the data were reduced, it was observed that for the LV scans closest 
to the blade surface (2.5 mm above the centerline of the airfoil section of the 
static blade), the beam was obscured by the blade less than predicted. 
scans at y = 2.5 mm, it was determined that the blades were inclined slightly 
upward in their static positions and that the centrifugal force due to the roughly 
3000 rpm rotation rate pulled the blades down about 0.075". The corresponding 
vertical tip displacement was about 1.3 mm and this correction was applied to the 
(nominal) measured y values. Table 1 lists the locations and velocity distribu- 
tions which were measured at the four tip Mach numbers. At each location, a hori- 
zontal velocity component (either u or w) and the vertical one, v, were measured. 
From 2000 to 8000 measurements were averaged to determine each data point within the 
velocity distribution; test time limitations thus precluded measuring all three 
velocity components at each location. Because the LV system had to be moved and re- 
aligned when changing horizontal velocity component (u or w) measurements, only u 
and v, or w and v values were determined at many locations. The greatest diffi- 
culty was encountered in measuring v, because light reflecting off the blade sur- 
face severely degraded the signal when scanning near the blade. Twelve scans, nine 
of them v velocity components, were considered unreliable and were eliminated (see 
Table 1 ) .  
scans listed in the table. 
From the 
These twelve cases represented less than 4% of the total of over 300 
When measurements were made in the vicinity of the shock, the velocity proba- 
bility density functions exhibited revolution-to-revolution flow field variations. 
This unsteadiness of the flow field was noted because data were collected over a 
large number of rotations. The flow field variability may have been caused by the 
presence of a transitional boundary layer since the chord Reynolds numbers in the 
blade tip region were only 1.5 to 1.75 million and no artificial trips were used. 
In fact, holographic measurements made under very similar test conditions (ref. 14) 
indicated the presence of lambda shocks and subsequent flow separation. Flow 
unsteadiness is often associated with shock-induced boundary layer separation 
(ref. 13) and could be inferred from some of the histograms obtained during the 
repeatability could be made by comparing the measured and the most likely velocity 
probability density functions. Such comparisons were made in reference 7 and show 
that in blade coordinates, the maximum differences in the measured chordwise 
R- 
L present test. An estimate of the inherent revolution-to-revolution flow field 
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velocities, u, were less than 10%. The effects on the vertical v and radial w 
velocities were negligible. 
Therefore, the measurements were analyzed in terms of the most likely probabil- 
ity density function profiles which were somewhat sharper with lower RMS levels. 
Because this approach tended to suppress some of the more realistic viscous effects, 
the comparison provided a test of the inviscid calculational procedure. 
- COMPUTATIONS 
The ROT22 code described in references 6 and 7 was used to calculate the flow 
field about the blades. ROT22 solves a quasi-steady approximation to the three- 
dimensional, full-potential equation in a blade-attached coordinate system. The 
quasi-steady approximation greatly reduces computation time since the true time- 
dependent history of the solution need not be computed. A computational grid of 
120 cells chordwise, 16 vertically, and 32 spanwise was used. About two-thirds of 
the spanwise computational planes were on the blade; the remainder were in the 
inboard cut-out and beyond the blade tip. The code output consisted of the u, v, 
and w velocity components, nondimensionalized by the rotational tip speed, the 
pressure coefficient and local Mach number. 
comparison, special provisions were made for interpolating between computational 
mesh points for the velocity components along horizontal lines of constant 
between vertical planes. 
CRAY XM-P computer required computation times of 30-40 sec per case. 
For the present computation/experiment 
y and 
An efficient, fully vectorized version of the code on a 
RESULTS AND DISCUSSION 
The flow field over the entire blade was calculated for the four tip Mach 
numbers of the experiment: 0.85, 0.88, 0.90, and 0.95. Nonlinear spanwise grid 
spacing was used to enhance resolution in the tip region and to place a computa- 
tional plane at the 95% radial blade station where one set of measurements was 
made. The two remaining radial measurement stations, located at the blade tip and 
idealized sonic cylinder (eq. ( l ) ) ,  were matched by linearly interpolating the 
computed velocity values. (It was undesirable to place a computational plane at the 
blade tip since the velocity gradients were very steep at that location.) All 
computations were made assuming zero collective pitch resulting in no lift since the 
airfoil section was symmetric. The complexity of even this simplified flow field 
for the nonlifting blade at zero advance ratio is illustrated in figure 5. Here, 
calculated contours of constant Mach number were plotted on the blade surface and in 
the plane of the blade for all four tip Mach numbers. 
were made for the entire blade, only the tip regions are shown for clarity. Note 
that for a tip Mach number of 0.90 and higher, the supersonic region on the blade 
merges with the far field supersonic flow beyond the tip. 
were in a blade-attached coordinate system. The flow field is shown as it would 
Although the calculations 
(The ROT22 calculations 
7 
appear to an observer stationed on the blade.) This phenomenon, labeled "delocal- 
ization" in reference 9 ,  results when shock waves form on the blade and propagate 
into the far field, thus producing impulsive noise (ref. 9 ) .  Note that ROT22 code 
predicts the sonic contours beyond the tip. 
approximate, unperturbed value given by equation ( 1 )  matched the computed sonic 
contour fairly well (fig. 5(b)). However, at the higher tip Mach numbers, the 
shocks forming on the blade perturbed the flow beyond the tip progressively more 
strongly and equation ( 1 )  provided only a crude approximation for the sonic circle 
location (fig. 5(c) and 5(d)). 
At the tip Mach number of 0.88, the 
. 
- 
The most recent version of the ROT22 code was used to calculate the flow field 
about the blade at each of the four tip Mach numbers. 
tion of the flow field in the critical tip region of the blade, the orthogonal 
velocity components are compared at all three spanwise stations at a given height 
above the centerline of the airfoil at each tip Mach number. However, since mea- 
surements were not made of all three velocities and at all three spanwise stations, 
theory/experiment comparisons are shown only when data were available. 
spaces due to missing figures indicate the absence of experimental data. 
theory/experiment comparisons are shown in the following 62 figures (see table 2 for 
details and figure numbers). 
To present a clear descrip- 
Thus blank 
The 
All velocities are shown in a blade-attached coordinate system since that 
system is used for calculating blade loads. Additionally, the velocities were 
normalized by the blade tip speed. 
As can be seen, the chordwise velocity component u is typically an order of 
magnitude larger than the vertical component v or the cross-flow velocity w. 
Therefore, blade pressures and loads are a first order function of u, but depend 
on v and w only to second order. Thus the generally good agreement between calcu- 
lations and the experiments enhances confidence in the ability of the ROT22 code to 
predict flow fields, pressures, an6 loads under the present conditions. 
At some of the stations, the theory/experiment comparisons were affected by 
difficulties with either measurements or computations. For instance, when measuring 
the flow very close to the blade surface, the LV beams could be obscured by portions 
of the blade. 
lack of data between roughly the 0.1 chord and mid-chord stations. 
This effect can be seen in figures 7, 22, and 40 where there is a 
The steepness of the velocity gradients at the blade tip affected both the 
measurements and computations. 
and very close to the blade surface, a very small misalignment could cause the LV 
beams to be blocked by the tip, resulting in the loss of some data, as in 
figure 22. A more pervasive problem affected the computations of the velocities, 
especially the important chordwise component u. The interpolation in the radial 
generally degraded the computed values somewhat. Therefore, the agreement with 
experiment is not quite as good at the blade tip as it is inboard or beyond the tip. 
When attempting to measure just outboard of the tip 
-u 
direction diffused the shocks in some cases (see figures 10, 40, 44, 52, and 55) and A 
TABLE 2.- FIGURE NUMBERS 
~~ 
MT = 0.85 MT = 0.88 MT = 0.90 % = 0.95 
- - Nominal Corrected - 
y*/c Y /C R . R  R R 
0.95 1.00 1.176 0.95 1.00 1.136 0.95 1.00 1.111 0.95 1.00 1.053 
0 
.033 
.067 
.10 
.I33 
.167 
20 
.233 
.25 
.267 
.30 
.333 
.40 
.50 
.667 
.833 
1 .oo - -067 
-. 133 
-.20 
-.25 - ,267 
- .333 
-.50 
-1 .oo 
0.0170 
.051 
.084 
.117 
.151 
.184 
.217 
.251 
.267 
.284 
.317 
.351 
.417 
.517 
.684 
.851 
1.017 
- .050 -. 116 
-. 183 
- - 233 
- ,250 -. 316 
- .483 
- .983 
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The impulsive n o i s e  due t o  t h e  d e l o c a l i z a t i o n  phenomenon is thought  t o  be 
caused by t h e  propagat ion of t h e  shock forming on t h e  b lade  i n t o  t h e  far f ie ld  
(ref.  9 ) .  Therefore ,  it was i n s t r u c t i v e  t o  look a t  t h e  LV d a t a  and t h e  c a l c u l a t i o n s  
a t  t h e  s o n i c  circle l o c a t i o n s  t o  see when t h e  presence o f  shock waves was d i sce rn -  
i b l e .  Note t h a t  t h e  u v e l o c i t y  is t h e  component most s t r o n g l y  affected by shock 
waves and t h a t  t h e  shocks were s t r o n g e s t  close to  t h e  p lane  o f  t h e  b l ade  which 
corresponds to  small va lues  of 
d e l o c a l i z a t i o n  was absen t  ( f i g s .  5 ( a )  and 5 ( b ) ) ,  no s i g n s  of shocks were v i s i b l e  
( s e e  f i g s .  6 and 28, f o r  example). Even for a t i p  Mach number of 0.90 where 
d e l o c a l i z a t i o n  occurred bu t  was no t  ex tens ive  ( f i g .  5 ( c ) ) ,  no d i s t i n c t  shock was 
d i s c e r n i b l e  a t  t h e  s o n i c  circle (see f i g .  39). However, a t  the  h i g h e s t  t i p  Mach 
number of  0.95 which caused ex tens ive  d e l o c a l i z a t i o n  ( f i g .  5 ( d ) ) ,  t h e  shock forming 
on t h e  blade d e f i n i t e l y  propagated t o  t h e  s o n i c  circle region.  
was so s t rong  t h a t  it was s t i l l  p resen t  one chord above t h e  plane o f  the blade 
( f i g .  62) .  Again t h e r e  was good agreement between t h e  measured and c a l c u l a t e d  
v e l o c i t i e s ,  a l though the  i n t e r p o l a t i o n  wi th in  t h e  a l r e a d y  coa r se  g r i d  located one 
chord above the p lane  of  t h e  b lade  tended to  d i f f u s e  t h e  computed shock. 
i nc rease  in  the  shock s t r e n g t h  which occurred a t  t h e  t i p  Mach number o f  0.95 l e n d s  
support  to  t h e  hypothes is  of r e fe rence  9 t h a t  shock propagat ion i n t o  t h e  far f i e l d  
occurs  when s t rong  d e l o c a l i z a t i o n  is p resen t .  
y/c .  A t  t h e  t i p  Mach numbers o f  0.85 and 0.88 where- 
L 
In  fact ,  t h e  shock 
The l a r g e  
CONCLUSIONS 
The a b i l i t y  o f  the  ROT22 code t o  p r e d i c t  a c c u r a t e l y  t h e  t r a n s o n i c  flow f i e l d  i n  
the  c r u c i a l  region around and beyond t h e  t i p  o f  a high-speed r o t o r  blade was i l l u s -  
trated.  This  supplements t h e  comparisons o f  r e fe rence  8 where s u r f a c e  p re s su res  
were.shown t o  be well p red ic t ed  on two d i f f e r e n t  t i p s  a t  advance ratios t o  0.45. 
Espec ia l ly  a t  the  cr i t ical  90" azimuthal  p o s i t i o n ,  where d e l o c a l i z a t i o n  was most 
l i k e l y  t o  occur  i n  forward f l i g h t ,  the  ang le  of inc idence  i n  t h e  t i p  reg ion  was 
small (ref.  1 1 )  and had l i t t l e  effect on t h e  flow beyond the t i p .  Therefore ,  t h e  
good agreement between t h e  computed and measured v e l o c i t i e s ,  a l though for a n o n l i f t -  
ing b lade ,  i n d i c a t e s  t h a t  t h e  ROT22 code can be used wi th  reasonable  confidence t o  
p r e d i c t  t h e  important t i p  reg ion  flow f i e l d  and e s p e c i a l l y  t h e  occurrence ,  s t r e n g t h ,  
and l o c a t i o n  o f  shock waves caus ing  high drag  and no i se .  
10 
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Figure 1.- Test stand and two-color, forward scatter laser velocimeter set-up. 
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Figure 26.- Computed and measured velocity component comparisons: 
Mtip = 0.85, Y/C = -0.3162. 
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Mtip = 0.85, Y/C = -0.4828. 
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Figure 35.- Computed and measured velocity component comparisons: 
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Figure 37.- Computed and measured velocity component comparisons: 
Mtip = 0.88, Y/C = -0.0495. 
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Mtip = 0.88, Y/C = -0.1162. 
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Figure 39.- Computed and measured velocity component comparisons: 
Mtip = 0.90, Y/C = 0.0172. 
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Figure 45.- Computed and measured velocity component comparisons: 
Mtip = 0.90, Y/C = 0.2505. 
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Figure 47.- Computed and measured velocity component comparisons: 
Mtip 0.90, Y/C = 0.3505. 
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Figure 50.- Computed and measured velocity component comparisons: 
Mtip = 0.90, Y/C = -0.1162. 
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Figure 51.- Computed and measured velocity component comparisons: 
Mtip = 0.90, Y/C = -0.1828. 
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